Introduction {#Sec1}
============

The "non -- coding" era sheds new light on understanding complex biological scenarios {#Sec2}
-------------------------------------------------------------------------------------

During the last few years, innovative high--throughput technologies such as next generation sequencing have shown that most of the genome is transcribed into RNAs^[@CR1]^. Nevertheless, only 1--2% of the human genome codes for proteins, grouping all RNAs in two cluster: 1) RNAs with coding potential and 2) RNAs without coding potential, defined non-coding RNAs (ncRNAs)^[@CR2]^. Although coding RNAs are already been studied widely, very little is known about ncRNAs^[@CR3],[@CR4]^. Until a few years ago, ncRNAs were referred to as "evolutionary junk," but increasing evidence has totally changed such an idea, due to their emerging impact on various molecular mechanisms and biological functions^[@CR5]^. Moreover, ncRNA quantity in an organism is related to its complexity^[@CR6]^. This scenario hypothesizes a relevant role of ncRNAs on the development and organization of higher structured vertebrates^[@CR7]^. Different regulative aspects by ncRNAs depend on their relatively wide length threshold. NcRNAs from a few to 200 nucleotides (nt) are defined small non-coding RNAs (sncRNAs), whereas those longer than 200 nt and up to several kilobases are called long non-coding RNAs (lncRNAs)^[@CR8]^.

The role of sncRNAs: miRNAs and piRNAs {#Sec3}
--------------------------------------

MicroRNAs (miRNAs), with a size of 20 nt, are the most extensively studied group of small ncRNAs^[@CR9]^. They are mainly involved in negative regulation of gene expression by binding a target mRNA and inducing its degradation or inhibiting its translation^[@CR10]^. Recently, a new class of sncRNAs called PIWI-interacting RNAs (piRNAs) has gained prominence. piRNAs are Dicer-independent ncRNAs with a size of 24--30 nt, able to bind the PIWI subfamily of Argonaute family proteins that are involved in maintaining genome stability in germline cells^[@CR11]^. They are transcribed from regions in the genome that contain transcribed transposable elements and other repetitive elements^[@CR12]^. The complex formed by piRNAs and PIWI proteins suppresses expression and mobilization of transposable elements by cleavage of their transcripts, mediated by PIWI proteins or by heterochromatin-mediated gene silencing^[@CR13]^. Moreover, PIWI proteins could create antisense piRNAs able to repress the transcript of origin ("ping-pong" amplification cycle) or act indirectly by DNA methylation^[@CR14]^.

Structural and functional features of lncRNAs {#Sec4}
---------------------------------------------

Compared with sncRNAs, the functional characterization of lncRNAs is rather difficult, due to several aspects: 1) lncRNAs are involved in complex gene expression regulation at multiple levels in the cell; 2) lncRNAs are relatively poorly conserved in terms of nucleotide sequence, even though they can be found in a wide range of species; 3) cellular and animal models for investigation of lncRNA functions are still limitedly available^[@CR15]^. Despite such analysis difficulties, it is known that lncRNAs can be transcribed from almost every locus of the human genome and in different orientations compared with coding genes^[@CR16]^. In detail, lncRNAs could be transcribed from regions overlapping one or more exons of another coding transcript (sense lncRNAs), while others overlap coding genes on the antisense strand (antisense lncRNAs) or coming from non-coding DNA sequences such as introns (intron lncRNAs), or regulatory elements such as enhancers^[@CR17]^. Finally, a small group of lncRNAs arise from intergenic regions that do not overlap any other known coding gene (lincRNAs) and have their own promoters and regulatory elements^[@CR18]^. Even if only a small number of lncRNAs have been already characterized, it is sufficient to highlight that they are involved in regulation of gene expression both at a transcriptional and posttranscriptional level, interacting with nucleic acids and proteins in a sequence-specific and a structure-specific manner, especially regulating the transcription of their host genes^[@CR19]--[@CR21]^.

Molecular functions and specific roles of circRNAs {#Sec5}
--------------------------------------------------

Recently, evidence has shown that expression of ncRNAs is not limited to classical mechanisms, as demonstrated by the existence of circular RNAs^[@CR22]^. Circular RNAs can be produced by the direct ligation of 5′ and 3′ ends of linear RNAs (CircRNAs), as intermediates in RNA processing reactions, or by "backsplicing," wherein a downstream 5′ splice site (splice donor) is joined to an upstream 3′ splice site (splice acceptor) (CiRNAs)^[@CR23]^. Circular RNAs have unique properties including the potential for rolling circle amplification of RNA, the ability to rearrange the order of genomic information, protection from exonucleases, and constraints on RNA folding^[@CR24]^. Additionally, circular RNAs can function as templates for viroid and viral replication, as regulators of transcription in cis, and as miRNA sponges^[@CR25]^.

New possible involvement of ncRNAome in Retinitis pigmentosa: a hypothetical scenario from a transcriptomic experiment related to oxidative stress {#Sec6}
--------------------------------------------------------------------------------------------------------------------------------------------------

Despite the complexity of such analyses, it is well known that expression of sncRNAs and lncRNAs is strictly regulated both in physiological and pathological conditions^[@CR26]^. The emerging links between non-coding RNAs and diseases have opened up a new field of therapeutic and diagnostic opportunities^[@CR27]--[@CR29]^. Many miRNAs, lncRNAs and circRNAs have already been successfully been shown to serve as biomarkers or therapeutic targets for numerous different diseases^[@CR30]--[@CR32]^. Among them, several eye--related pathologies have already been correlated to alterations of ncRNAs, such as retinitis pigmentosa (RP) and other retinal degenerations^[@CR33]--[@CR35]^, supported by several transcriptomic experiments on retinal pigment epithelium (RPE) cells^[@CR36]--[@CR39]^. In our work, we compared lncRNA and piRNA expression changes between a group of RPE cells exposed to the oxidant agent oxidized low-density lipoprotein (oxLDL) and another untreated group, considering four time points (1 h, 2 h, 4 h, 6 h) over basal one (time zero). oxLDL was chosen as high cholesterol level could be linked to RP development and progression^[@CR40]^ and it has already been tested on many neurodegenerative diseases. Principal purpose of our study was to discover which lncRNAs and piRNAs changed during oxidative stress induction and what their targets are, to clarify how reactive oxygen species (ROS) might lead to RP development.

Results {#Sec7}
=======

Sequencing analysis and mapping statistics {#Sec8}
------------------------------------------

RNA sequencing carried out on Ion Torrent yielded a total of about 11,300 quality reads (mean mapping quality = 33) with mean read length of 155 bp. All reads were aligned to GRCh37/hg19 reference assembly by the three selected aligners, all showing high precision (fraction of all aligned bases that were aligned correctly), but very different recall (fraction of all bases that were aligned correctly). CLC and STAR were consistently the most accurate performers, with STAR highlighting the best recalling abilities and CLC being the best algorithm to detect alternative splice sites at annotated junctions (Fig. [1](#Fig1){ref-type="fig"}). Soon after, previously mapped reads were annotated and filtered by using specific transcript databases and circular RNAs and piRNAs algorithms. Detailed information on RNA--Seq statistics are available in Supplementary Table [1](#MOESM2){ref-type="media"}.Figure 1Alignment algorithm comparisons. Exploited alignment algorithms showed significant differences in several parameters. The most important are recall, which measures the fraction of all bases that were aligned correctly, and precision, which determines the fraction of all aligned bases that were aligned correctly. Precision was high for most aligners, while the greatest variance in performance was seen in recall. Both parameters were evaluated at base -- (**a**) and junction -- level (**b**), in which the "event" considerable right or wrong was each base of each read in the first, and a single read crossing a single splice junction the second. CLC Genomics Workbench algorithm showed the best performance, as confirmed by the highest percentage of correctly aligned reads (**c**).

Expression analysis {#Sec9}
-------------------

About 8,500 known lncRNAs, including 4,877 circRNAs detected by the four specific tools, and 68 annotated piRNAs were founded in all samples, with the highest average expression level of about 5 FPKM for Antisense and Intronic lncRNAs across treated and untreated RPE cell cultures object of the study. Variability was significant across samples, with an interesting higher trend for piRNAs expressed at lower levels. Among previously cited ncRNAs, 854 between lncRNAs and piRNAs showed expression alterations in evaluated time points. In detail, 836 lncRNAs (509 Antisense lncRNAs, 14 Intronic lncRNAs and 248 Sense lncRNAs, 43 lincRNAs, 21 circRNAs) and 18 piRNAs were over-- or under--expressed (Figs [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). All previous mapping statistics are based on average values calculated for all three replicates in each time point. Then, we filtered the most altered expressed ncRNAs by setting a minimum fold change (FC) cutoff of 2 for significant up-regulated and -2 for relevant down--regulated ones (Supplementary Table [2](#MOESM3){ref-type="media"}). Moreover, there are several values of fold--change that repeat during considered time points, with the highest value of 11 reached by CTD-2384B11,2 and the lowest value of -12 reached by AP4B1-AS1, both Sense lncRNAs. Interestingly, we found fourteen clusters of circRNAs showing particular trends through all analyzed time points (Table [1](#Tab1){ref-type="table"}). Among them, cluster 1 and 2, consisting of, respectively, *FNDC3B* and *DLG1* derived circRNAs, showed an increased FC after 1 h of treatment. The same trend was observed for cluster 3 and 4, made of *AGRN* and *FLNA* derived circRNAs respectively, with the difference that the latter two showed a huge decrease soon after. Very curiously, all other circRNA clusters could be grouped in pairs with opposite trends. Later, due to the absence of repetitive values of FCs, a different clustering criterion was applied to all other significantly altered ncRNAs, grouping them into 7 clusters by specific differences in their FCs (Table [2](#Tab2){ref-type="table"}). Such clustering evidenced a global up--regulation trend for long non-coding RNAs, in contrast with the high down--regulation expressed by small piRNAs. Such scenario shows that silencing activity, especially on miRNAs, could be decreased towards piRNAs host genes, while lncRNAs over--expression could lead to an increased regulation of their host genes.Figure 2Circular plot of most altered ncRNAs FCs. The expression profile of analyzed lincRNAs (**a**), sense lncRNAs (**b**), antisense lncRNAs (**c**), intronic lncRNAs (**d**) and circRNAs (**e**) with 0 \< FC \< 1 (formerly FC \< −2 in the manuscript) or FC \> +2 between treated and untreated RPE samples was visualized in Circos. All FCs are log2 transformed. The expression profile of each considered time point is represented as a single circle, and FCs of the individual ncRNAs are proportional to histogram bar height. The time point--related order of the ncRNA expression profile samples is from the outer circle to the inside, as depicted by inserted numbers. 1. 0 h vs 1 h -- Treated. 2. 0 h vs 1 h -- Untreated. 3. 1 h (Treated vs Untreated). 4. 2 h (Treated vs Untreated). 5. 4 h (Treated vs Untreated). 6. 6 h (Treated vs Untreated). A clustering of several groups of ncRNAs which follow the same trend through all considered time points is evident.Figure 3Heat map with piRNA FCs through selected time points. The heat map correlates most altered piRNAs with their own FC (log2 transformed), in a range starting from down--regulated piRNAs (green) to up--regulated ones (red). It is highlighted that down--regulated represent the prevalent altered piRNAs in all selected time points.Table 1Cluster analysis of differentially expressed circular RNAs.ClustercircTypehost gene0 h vs 1 h (T)0 h vs 1 h (U)1 h (T vs U)2 h (T vs U)4 h (T vs U)6 h (T vs U)1circRNAFNDC3B*2.87*−0.58*3.46*0.000.000.002circRNADLG1*2.32*0.000.000.000.000.003circRNAAGRN1.00*4.95***−3.95**0.000.000.004circRNAFLNA0.00*2.17*0.00**−2.54**0.000.005circRNAEIF4G10.00*3.09*0.000.000.000.00circRNAFLNA0.00*3.17*0.000.000.000.006circRNAGNB2L10.00**−2.32**0.000.000.000.00circRNARPLP00.00**−2.32**0.000.000.000.007circRNAGAPDH0.000.00*2.81*0.000.000.008circRNATNS30.000.00**−3.81**0.000.000.009circRNATNIK0.000.000.00*2.81*0.000.0010circRNANBPF12−0.220.89−1.12**−2.38**1.740.5111circRNACRIM10.000.000.000.00*2.58*0.00circRNAFN10.000.000.000.00*2.58*0.00circRNARBMS30.000.000.000.00*2.32*0.0012circRNAPHC30.000.000.000.00−**2.32**0.0013ciRNATXNRD10.000.000.000.000.00*3.17*circRNAANKRD36C0.000.000.000.000.58*2.70*circRNASMC40.000.000.000.000.00*2.32*circRNAUBXN40.000.000.000.000.00*2.32*14circRNAVIM−2.000.00−2.001.220.00**−2.81**All significant differentially expressed circular RNAs were clustered by similarity of fold change trends. Italic FCs represent selected up--regulated circRNAs (FC \> 2), while bold ones indicate down--regulated circRNAs (FC \< −2, considering the replacement of original FC value by its negative reciprocal value, in order to make the variation more noticeable). T = Treated sample. U = Untreated sample.Table 2Cluster analysis of ncRNAs without repetitive values of fold change.CLUSTERpiRNAslncRNAs (Intronic)lncRNAs (Antisense)lncRNAs (Sense)lincRNAsTotally Positive2491317Globally Positive0118201Positive in one time point only531517412Totally Negative4252321Globally Negative0133194Negative in one time point only73112471150%0052257*TOTAL****18**14**509**248**43***All significant differentially expressed ncRNAs with no repetitive fold change were clustered by the presence of increased FCs in more than two times points and no fold change reduction ("totally positive"), increased FCs in a single time point ("positive in 1 time point only") or with a prevalence of raised FCs over decreased ones ("globally positive") throughout all analyzed time points. The same approach was, then, considered for down--regulated ncRNAs ("totally negative", "globally negative" and "negative in 1 time point only"). A final cluster was, then, created based on a perfect balance between up--regulated and down--regulated time points ("50%").

qRT-PCR verification {#Sec10}
--------------------

To validate the reliability of the RNA-Seq results, 20 among the most dysregulated ncRNAs were chosen for qRT-PCR analysis, and the obtained expression profiles were very similar to the transcriptome analysis profile (Supplementary Table [3](#MOESM4){ref-type="media"}). Linear regression analysis highlighted a significantly positive correlation between gene expression ratios of qRT-PCR and RNA-Seq for all evaluated time points (Fig. [4](#Fig4){ref-type="fig"}), confirming our transcriptomic data validity.Figure 4Correlation analysis of fold--change data between qRT--PCR and RNA--Seq. Expression data of 20 selected ncRNAs from qRT--PCR and RNA--Seq are means of three replicates, considering all selected time points (**a**--**d**). Scatterplots were generated by the fold--change values from RNA--Seq (x -- axis) and qRT--PCR (y -- axis).

Pathway analysis of genes generating altered ncRNAs {#Sec11}
---------------------------------------------------

We performed pathway enrichment analysis by Cytoscape and its plugins on the host genes that produce the most altered ncRNAs in exam. Although such enrichment is primarily intended to reflect functions of proteins derived from a given gene, it is possible that loss of function studies contributing to these annotations might also have disrupted the ncRNAs loci. Moreover, changes in back--splicing to generate circRNAs could impact protein expression from a gene. Pathway analysis showed statistically significant associations between altered circRNA genes and several categories linked to intracellular transport and oxidative stress induced effects. Altered lincRNA genes, instead, showed statistically significant association with "C--terminal protein tyrosinilation" and "Negative regulation of complement activation, lectin pathway", both with a P of about zero. Very interestingly, Antisense and Sense lncRNA host genes with the highest expression differences shared many significant pathways involved in acetylation and deacetylation. However, many other terms were significantly associated to Antisense lncRNA genes only ("Mitochondrial ABC transporters", P = 0.00; "Response to copper ion", P = 0.01, "Globo sphingolipid metabolism", P = 0.04) or to Sense ones ("TFIIH -- class transcription factor binding", P = 0.00; "Alpha-methylbutyrryl CoA + FAD → Tiglyl-CoA + FADH~2~", P = 0.00). Intronic lncRNAs, instead, showed a unique clustering of terms for their altered host genes, consisting of "Protein export" (P = 0.00) and "RUNX proteins bind the p14-ARF promoter at the CDKN2A locus" (P = 0.01). Finally, piRNA altered genes highlighted significance in "Catalitic activity" (P = 0.05), "Hydrolase activity, hydrolyzing O-glycosyl compounds" (P = 0.04), "miRNA Regulation of DNA Damage Response" (P = 0.04) and "Transporter activity" (P = 0.05). Detailed results of most altered pathways and subpathways are available in Fig. [5](#Fig5){ref-type="fig"}.Figure 5Sunburst chart of most altered ncRNAs. This type of visualization shows hierarchy through a series of rings, that are sliced for each category node. Each ring corresponds to a GO level in the hierarchy, with the central circle representing the root node made of analyzed ncRNA categories, and the hierarchy moving outwards from it. The angle of each slice is either divided equally under its parent node or made proportional to the percentage of most altered ncRNAs involved in each GO categories. Different colors highlight hierarchal groupings, while font dimension is proportional to up--regulated pathway and sub--pathways (bigger font) and down--regulated ones (smaller font).

miRNAs and RBPs targeting to most altered RPE expressed circRNAs {#Sec12}
----------------------------------------------------------------

Only five known mature circRNAs were found in Circular RNA Interactome database: hsa_circ_0007345, originated from DLG1, interacting with 11RBPs (especially with EIF4A3) and 30 miRNAs (particularly with hsa-miR-515-5p); hsa_circ_0080164, coming from TNS3, and interacting with 4 RBPs (especially with EIF4A3) and 5 miRNAs; hsa_circ_0064644, originated from RBMS3, and interacting with 2 RBPs only by circRNA flanking regions, and with 15 miRNAs; hsa_circ_0067946, coming from TNIK gene, and interacting with 3 RBPs (especially with EIF4A3) and 29 miRNAs (particularly with hsa-miR-646, hsa-miR-766 and hsa-miR-767-3p); hsa_circ_0017874, originated from VIM, and interacting with 14 RBPs (especially with FMRP and AGO2) and with 19 miRNAs (particularly with hsa-miR-1290 and hsa-miR-885-3p). Details on the exact number of RNA-binding protein sites matching to circular RNAs or their flanking regions, along with TargetScan miRNA predictions are available in Supplementary Table [4](#MOESM5){ref-type="media"}.

Discussion {#Sec13}
==========

The relevance of non-coding RNAs to human disease was initially studied in the context of human cancer^[@CR41]^. Today, it is widely known that many ncRNAs, such as PIWI-interacting RNAs (piRNAs), large intergenic non-coding RNAs (lincRNAs) and long non-coding RNAs (lncRNAs) are emerging as key elements of cellular homeostasis^[@CR42]^. Along with microRNAs and other small non-coding RNAs, dysregulation of these ncRNAs is being found to have relevance not only to tumorigenesis, but also to neurological, cardiovascular, developmental and other complex diseases^[@CR43]^. Retinitis pigmentosa, an eye--related pathology characterized by very heterogeneous phenotypes, shows unusually complex molecular genetic causes, most of which are still unknown^[@CR44]^.

Oxidative stress--related consequences promote several RP causative biochemical pathways {#Sec14}
----------------------------------------------------------------------------------------

Using deep sequencing technologies, we analyzed the whole transcriptome of RPE cells during a follow-up of four time points (1 h, 2 h, 4 h and 6 h) after exposure to ox-LDL, then compared them to untreated ones. The high coverage of our sequencing experiment, along with parallel analysis of three replicates for each selected group for each time point, and with the use of multiple algorithms, permitted us to obtained reliable data, overcoming possible bias--related variability in ncRNA expression levels and nucleotide sequences. Oxidative stress represents one of the most relevant biochemical pathways in RP etiopathogenesis. In particular, it targets RPE cells, which are very sensitive because of high metabolic demand, needed for processes like physiological phagocytosis and life-long light illumination^[@CR45]^. Impairment of such functions could lead to pathobiological modifications like outer blood-retinal barrier (BRB) dysfunctions^[@CR46]^, alterations of extracellular matrix (ECM) components^[@CR47]^, inhibition of photoreceptors outer segments processing^[@CR48]^, increasing of RPE cells senescence and/or apoptosis^[@CR49]^.

Up--regulation of analyzed circRNAs and down -- regulation of detected Intronic and Sense lncRNAs could impair synaptic activity of the retina {#Sec15}
----------------------------------------------------------------------------------------------------------------------------------------------

Our results evidenced that up--regulated circular RNAs could enhance the transcription of their host genes involved in ion channel regulator activity, integrity of basal membrane and receptor clustering. Such functions are well known to be related to RP etiopathogenesis^[@CR50]^. Additionally, as already evidenced, miRNA silencing is also a relevant target of altered circular RNAs^[@CR51]^, especially those coming from *DLG1* and *TNIK* (globally over--expressed), and from *VIM* (globally under--expressed). DLG1 encoded product acts as protein scaffold at the outer plexiform layer of the retina, maintaining photoreceptor--Muller glia cell adhesion, and as regulator of K^+^-voltage dependent channels distributed in amacrine cholinergic and bipolar cells^[@CR52]^. Moreover, DLG1 is a member of CRB1--membrane--associated palmitoylated protein (MPP) 5 protein complex, and it is already known that mutations in CRB1 are frequent causes of various forms of RP^[@CR53]^. The small GTPase signaling pathway, involving RAP2, presents TNIK as a specific effector, able to regulate dendritogenesis and glutamatergic signaling. Over--expression of TNIK results in disruption of F--actine structures and activation of c-Jun N-terminal kinase (JNK) signaling, determining cell spreading and neuronal degeneration^[@CR54]^. Curiously, the last most interesting altered circRNA host gene, *VIM*, is already known to be susceptible to different forms of metabolic and oxidative stress^[@CR55]^. Additionally, it has been seen that retinas without Vim show attenuated Muller cell reactivity, with altered Kir channel distribution, determining reduced retinal cell survival^[@CR56]^. Thus, alteration in previously described circRNAs might impair retina neurotransmission and extracellular matrix adhesion structures, leading to a possible block of visual signaling pathways. Involvement of ion channel regulation and synaptic impairments is a new branch of the RP research field, already analyzed by our team in several patients by whole genome sequencing analyses (data under publication). Of note, ion channel regulation is crucial for ribbon synapses between retina cells^[@CR57]^, and synaptic vesicle transport could be altered by other lncRNAs. We could speculate that the global downregulation of Intronic lncRNAs might weaken RPE protein export pathway, along with a reduction of neuroplastin mediated GABA A receptors localization to synapse. This possible effect, along with increased GABA--mediated Cl^−^ import, might inhibit the downstream signal transmission in the retina. Such function could also be influenced by an altered regulation of neurotransmitter levels by down--regulated Sense lncRNAs.

Up--regulation of found Antisense and Sense lncRNAs could be involved in RPE and retina layers connection loss, leading to cell death {#Sec16}
-------------------------------------------------------------------------------------------------------------------------------------

With regard to RPE cell connection to other retina layers, up--regulated Antisense and Sense lncRNAs could alter cell junction organization, cell--matrix adhesion and actin cytoskeleton organization, probably modifying cell morphogenesis, and possibly leading to RPE loss of trophic function towards photoreceptors. Cellular adhesion and migration could also be dysregulated by tensin 3 (TNS3) up--regulated derived circRNA, impairing the TNS3 adaptor activity towards Rho GTPase signaling at extracellular matrix adhesion structures^[@CR58]^. Impairment of this vital activity could also be evidenced by alteration in glucose and unsaturated fatty acid metabolic processes due to Antisense and Sense lncRNAs over--expressed, respectively. All previously described pathways, along with a possible increased oxidoreductase activity by up--regulated Sense lncRNAs and RBMS3--derived circRNA possible block of the TGF--Beta pathway^[@CR59]^, indicates an intense oxidative stress condition, which finally determines cell death. Induction of apoptotic signaling involves the up--regulation of both Antisense and Sense lncRNAs, especially in the intrinsic pathways for the latter.

Down--regulation of detected piRNAs could interfere with cellular attempt to survive oxidative stress {#Sec17}
-----------------------------------------------------------------------------------------------------

Small piRNAs assumes the key role of a junction ring between long non--coding RNAs and small non-coding RNAs, both influencing regulation of epigenetic changes^[@CR60],[@CR61]^. It has been seen that both PIWI target silencing and piRNA precursor specification can be determined by similar types of chromatin that are characterized by H3K9me3 marks and HP1-like proteins^[@CR62]^. Very curiously, it was established that the silencing activity of a Piwi pathway can turn a target locus (such as a protein-coding gene) into a piRNA-generating locus^[@CR63]^. During and after this process, the locus continues to be transcribed, but rather than leading to protein expression, the transcripts are now processed into piRNAs. Subsequently, the resulting piRNAs can silence, in trans, other loci of similar sequence, showing effects that can be kept over generations without alterations of the involved Piwi pathway, in a way very similar to paramutation^[@CR64]^. Thus, a global down--regulation of detected piRNAs could be interpreted as a decrease of silencing activity of miRNA regulation of DNA damage response and transporter activity of RPE cells, representations of reaction attempts to induced oxidative stress.

The already retinal disease--associated *ABCA6* and *VCAN* could be the host genes for two lncRNAs whose dysregulation could alter the blood--retina barrier (BRB) and versican of retinal interphotoreceptor matrix {#Sec18}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Finally, an interesting data emerged from *ABCC6--* and *VCAN--*derived lncRNAs, host genes already present in RetNet official database and known as causative of retinal pathologies. In details, *ABCC6* is expressed in brain microvascular endothelial cells (BMEC), suggesting that it may contribute to the inner blood -- retina barrier (BRB) as well as the blood -- brain barrier BBB^[@CR65]^. Alterations of *ABCC6*, similar to the other ABC family member *ABCA4*^[@CR66]^, are involved in syndromic/systemic diseases with retinopathy, such as pseudoxanthoma elasticum^[@CR67]^. *VCAN*, instead, coding for versican, is a chondroitin sulfate proteoglycan particularly abundant in extracellular matrix of nervous system cells, retina included^[@CR68]^. Mutations in *VCAN* cause several ocular--retinal developmental diseases, like Wagner syndrome^[@CR69]^. Our data showed an up--regulation of antisense lncRNA from *ABCC6* and a down--regulation sense lncRNA from *VCAN*, which might play a pathogenic role impairing retina structures.

Conclusions {#Sec19}
===========

We realized whole RNA--Seq of one group of RPE cells treated with oxLDL and of another untreated one, comparing ncRNAs expression changes in four selected time points (1 h, 2 h, 4 h, 6 h) over basal time. 3155 lncRNAs and 55 piRNAs showed expression alterations in treated samples, targeting host genes involved in several biochemical pathways related to visual functions. One of them, regarding the synaptic impairment of neurotransmission in the retina, might be seriously associated for the first time to RP onset. Despite this, our study shows several limitations. Predicted ncRNAs targets resulted from in silico analyses and, even if they are based on statistically significant algorithms and literature data, they will need to be experimentally validated. Thus, one of the next steps we are going to realize is experimentally confirming the interaction between detected ncRNAs and RBPs by functional assays such as RNA electrophoretic mobility shift assay (EMSA) or RNA pull-down assays. Furthermore, a deeper transcriptome sequencing on a wider number of samples could allow to increase the number of detected ncRNAs, clarifying regulative functions of these non--coding RNAs in RP etiopathogenesis. Further studies should include the development of powerful computational models to identify new RP--related ncRNAs, useful to reduce the effects determined by lack of detailed functional annotations, evolutionary conservation, common biogenesis or mechanism of action for such ncRNAs, limitations also caused by the absence of unified annotation resources^[@CR70]^. Therefore, due to the extreme heterogeneity of RP, a mixed approach based on machine learning--based models^[@CR71]--[@CR73]^, network--based models^[@CR74]^ and models without the knowledge of ncRNA--disease associations, could permit to better understand RP mechanisms at an ncRNA level but also enhance biomarker detection to improve diagnosis, treatment, prognosis and prevention. In conclusion, the emerging world of ncRNAs is very complex, and the influence of ncRNAs on cellular biology is larger than initially expected. So many other important aspects have to be investigated before realizing a personalized therapeutic approach based on them, such as the pharmacokinetics and dynamics of potential ncRNA drugs, and detailed toxic studies are necessary.

Methods {#Sec20}
=======

This study was approved by the Ethics Committee of Azienda Policlinico Universitario "G. Martino" Messina.

Cell culture and Total RNA -- sequencing {#Sec21}
----------------------------------------

RNA was isolated from Human RPE-derived Cells (H-RPE -- Human Retinal Pigment Epithelial Cells, Clonetics^™^, Lonza) by TRIzol^TM^ Reagent (Invitrogen^TM^, ThermoFisher Scientific), following manufacturer's protocols, and quantified by Qubit^®^ RNA assay kit (Invitrogen, Life Technologies) on Qubit 2.0 fluorimeter. Expression analysis was realized comparing Human RPE cells treated with 100 µg/ml of oxLDL and untreated ones, both at the treatment starting point and for four different time points (1 h, 2 h, 4 h, 6 h). Details are available in our previously published work^[@CR75]^.

Data analyses {#Sec22}
-------------

A complex down--stream data analysis pipeline was exploited on generated data. A graphical workflow of the whole phases is represented in Fig. [6](#Fig6){ref-type="fig"}, while pipelines specific for analyzed ncRNAs are illustrated in Fig. [7](#Fig7){ref-type="fig"}.Figure 6Graphical workflow of RNA--Seq data analyses. All data analysis followed each phase represented in the figures. In detail, on the left is illustrated the initial transcriptome quality check is illustrated on the left, following by alignment and annotation steps. Non--coding RNA filtering and analytic pipelines, specific for circular RNAs, PIWI--interacting RNAs and long non--coding RNAs, can be found in the central block. The differential expression analysis, followed by pathway enrichment, is represented on the right side.Figure 7Data analysis specific pipelines for considered non--coding RNAs. Each investigated non -- coding RNAs was analyzed by specific bioinformatic tools (red text), each one with its own selective pipelines for circular RNAs (**a**), PIWI--interacting RNAs (**b**) and long non--coding RNAs (**c**).

Quality validation and read mapping {#Sec23}
-----------------------------------

Sequence reads were generated from RPE specific cDNA libraries on the Ion Torrent Proton. Low quality reads (average per base Phred score \<28) were, then, trimmed from obtained raw data, along with the reads containing adaptor and low-quality sequences (reads presenting ambiguous bases denoted as "N"). The quality check of analyzed data was realized by FastQC v.0.11.5^[@CR76]^ and QualiMap v.2.2.1^[@CR77]^ software. Filtered data was, then, aligned by the spliced read mappers CLC Genomics Workbench v.11 (<https://www.qiagenbioinformatics.com/products/clc-genomics-workbench/>), STAR v2.5.3a^[@CR78]^ and TopHat v.2.1.1^[@CR79]^, using Homo sapiens genome hg19 and Ensembl RNA database v.74 as references. Detailed parameters for the three exploited aligners are reported in Supplementary Table [5](#MOESM6){ref-type="media"}. All mapping statistics were, then, based on average values calculated for all three replicates in each time point.

Filtering and annotation of non -- coding RNAs {#Sec24}
----------------------------------------------

The approach used foresaw different types of collected non--coding RNAs counts and their comparison to several RNA annotation databases. Once imported, whole RNA -- Seq data, ncRNAs were filtered and quantified, creating a small RNA sample useful for further steps. Sequences were filtered basing on length (reads between 18 bp and 200 bp were considered for small ncRNAs, reads \> 200 bp for long ncRNAs) and on minimum sampling count (set at 1). Subsequently, reads mapping to each transcript sequence were counted by Cufflinks^[@CR80]^ and, then, normalized using either the Trimmed Mean of M-values (TMM) method^[@CR81]^ or reads per million (CPM). Finally, extracted RNA pool produced when counting the tags was, then, enriched by comparing the tag sequences with the annotation resources UCSC non--coding^[@CR82]^, Ensembl non --coding RNA database v.91^[@CR83]^, iGenomes^[@CR84]^, GENCODE v.27^[@CR85]^, Database of small human noncoding RNAs (DASHR) v.1.0^[@CR86]^, LNCipedia v.5.0^[@CR87]^, RAID v2.0^[@CR88]^, RNALocate^[@CR89]^, MNDR v.2.0^[@CR90]^ and ncRDeathDB^[@CR91]^. ViRBase resource database^[@CR92]^ was also considered due to the RNA binding sites prediction approaches.

Long non--coding RNAs algorithms of analysis {#Sec25}
--------------------------------------------

Reliable identification of lncRNAs interfaces are critical to understand the structural bases and functional implications, and for developing effective computational methods that offer a fast, feasible as well as cost-effective way to recognize putative lncRNAs. We used the alignment-free program FEELnc^[@CR93]^ that accurately annotates lncRNAs based on a Random Forest model trained with general features such as multi k-mer frequencies and relaxed open reading frames. One of the main features is given by the length of the longest open reading frame (ORF) since a transcript harboring a long ORF will most likely be translated into a protein. A complementary feature to discriminate mRNAs from non-coding RNAs is the relative frequency of oligonucleotides or k-mer (where k denotes the size of the oligonucleotide). Some tools already use k-mer frequencies but are often limited to one and/or small k-mers (generally k ≤ 6), whereas longer k-mers could help resolve ambiguities by considering lncRNA-specific repeats or spatial information. Based on a relaxed definition of ORFs and a very fast analysis of small and large k-mer frequencies (from k = 1 to 12), the program implements an alignment-free strategy using Random Forests to classify lncRNAs and mRNAs.

Circular RNAs specific pipelines {#Sec26}
--------------------------------

CircRNA detection from RNA-seq data is based on the analysis of sequence reads spanning the back-splice junctions generated in circRNAs biogenesis. Back-splice reads map to the genome in chiastic order, so circRNA detection from RNA-seq reads needs specific methods for non-collinear read alignment and analysis. In order to extend and improve the quality of resulting circRNAs, we compared data from four different algorithms, each one using different approaches for circRNA identification. These strategies employ different read aligners, require variable inputs, such as genome and gene annotation, and provide software-related output in term of predicted back-splice junction annotation. Specifically, in the "pseudo-reference-based", also known as "candidate-based" approach, the putative circRNA sequences to be constructed with gene annotation data have to be provided in order to detect circRNAs. This strategy is used by KNIFE^[@CR94]^, which directly constructs all the potential out-of-order exon--exon junction sequences from gene annotation information before alignment. Two other exploited algorithms, CIRCexplorer^[@CR95]^ and UROBORUS^[@CR96]^, followed the "fragmented-based" or "segmented read" approach, which identified backsplicing junctions from the mapping information of a multiple-split read's alignment to the genome. In detail, CIRC explorer takes advantage of spliced alignment algorithms to detect and parse the back-splicing events, while UROBORUS collects the unmapped reads after their alignment to the genome, extract the first and last 20 bp anchors from the unmapped reads, and then obtain the back-splicing events from the mapping information of these anchors. Finally, the last used tool called CIRI^[@CR97]^, exploited its own unique method, based on paired chiastic clipping (PCC) signals detection. Such signals come from the mapping information of reads by local alignment with STAR and are, then, systematic filtered to discharge potential false positives. We followed the instructions provided in each tool manual and focused on output circRNAs with ≥2 back-spliced junction reads.

Small RNA Analysis and piRNA filtering {#Sec27}
--------------------------------------

Using CLC Genomics Workbench software, small RNAs were extracted from whole RNA--Seq data and counted. Sequences were filtered based on length (reads below 15 bp and above 50 bp were discarded) and on minimum sampling count (set at 1). Sample reads were, then, matched against piRNABank^[@CR98]^ and piRNA Cluster Database^[@CR99]^. Reads which mapped with at most two nucleotides short to the piRNA sequence and with at most one edit distance were filtered and annotated as canonical piRNAs. Moreover, the 26--33 nt mapped reads and all the other non-coding RNAs annotated in Ensembl were filtered out, leaving only predicted piRNAs, annotated as putative piRNAs. These piRNAs were further matched against piRBase. Finally, we used the recent cluster prediction tool PILFER (PIrnacLusterFindER)^[@CR100]^ to accurately predict piRNA clusters from small RNA sequencing data, using a sliding-window mechanism by integrating the expression of the reads along with the spatial information.

Differential ncRNAs expression and statistical analysis {#Sec28}
-------------------------------------------------------

The original expression values were log~2~ transformed and normalized, ensuring sample comparability and that assumptions on the data for analysis are met^[@CR101]^. In order to focus the ncRNAs differentially expressed in untreated and treated samples, and during four considered time points, we divided them into two groups, based on count ratios (fold -- change): 1) Up--regulated (FC \> 1); 2) Down--regulated (0 \< FC \< 1). Moreover, due to the linearity of FCs, we chose to replace any value smaller than 1 (i.e. for downregulation) by its negative reciprocal one, in order to make the variation more noticeable (for instance, a value of -2, instead of 0.5, refers to a 2-fold downregulation). Due to a small number of biological replicates available for each of the experimental group studied (only 3 replicates for each considered time point), but with numerous features to be studied at the same time (ncRNAs in a whole transcriptome), we applied the Empirical analysis of DGE (EDGE) statistical algorithm, which implements the "Exact Test" for two-group comparisons developed by Robinson and Smyth^[@CR102]^. The test assumes that the count data follows a Negative Binomial distribution, which in contrast to the Poisson distribution allows for a non-constant mean-variance relationship. The "Exact Test" of Robinson and Smyth is similar to Fisher's Exact Test, but also accounts for over dispersion generated by biological variability. The ncRNAs uniquely identified in the RPE cells with at least 3 unique gene reads, greater than one-fold (up-regulated) or lower than one-fold (down-regulated) changes in expression based on expression values ratio, and with Bonferroni--adjusted p-values lower than 0.05, were chosen for functional classification of differentially expressed ncRNAs.

ncRNAs validation by qRT -- PCR {#Sec29}
-------------------------------

We selected the twenty most dysregulated ncRNAs, obtained from RNA-seq data, to be validated by qRT-PCR. Reverse transcription was carried out according to the manufacturer's protocol of GoScript™ Reverse Transcription System (Promega, USA). The produced cDNA was subjected to the RT-PCR in the ABI 7500 fast sequence detection system (Applied Biosystems, Foster, USA), using BRYT-Green based PCR reaction. PCR amplification was performed in a total reaction mixture of 20 μL, containing 10 μL 2 × GoTaq1qPCR Master Mix (Promega, USA), 0.2 μM of each primer and 20 ng cDNA. PCR was run with the standard thermal cycle conditions using the two-step qRT-PCR method: an initial denaturation at 95 °C for 30 s, followed by 40 cycles of 30 s at 95 °C and 30 s at 60 °C. A slight difference should be highlighted regarding predicted circRNAs, whose expression was accessed by using divergent primers in qPCRs, amplifying the circle without amplifying the genomic regions. Additionally, samples were treated with RNase R to decrease the amount of linear RNAs. Each reaction was run three times, considering all evaluated time points (1 h, 2 h, 4 h, 6 h), and the average threshold cycle (Ct) was calculated for each replicate. The expression of ncRNAs was calculated related to expression level of endogenous control Glyceraldehyde3-phosphate dehydrogenase (GAP DH), and the relative expression of gene was calculated using the 2^−ΔΔCt^ method. Finally, a linear regression analysis was performed by IBM SPSS 25.0 software (<https://www.ibm.com/analytics/us/en/technology/spss/>), in order to check the correlation of the FC of the gene expression ratios between qRT-PCR and RNA-Seq.

ncRNA host genes pathway analysis {#Sec30}
---------------------------------

GO term enrichment analysis for the most altered ncRNA host genes was performed using the ClueGO (v. 2.5.0)^[@CR103]^, CluePedia (v. 1.5.0)^[@CR104]^ and ncINetView (v. 1.0.2)^[@CR105]^ plugins in Cytoscape (ver. 3.6.1)^[@CR106]^. Default parameters were used, and only GO terms with P \< 0.01 were selected.

microRNA targeting to most altered RPE expressed circRNAs {#Sec31}
---------------------------------------------------------

To evaluate the only characterized biological function for a neural circRNA as microRNA sponge when exogenously expressed, we exploited the computational resource CircInteractome^[@CR107]^ with most dysregulated circRNAs. This bioinformatic platform permitted us to search systematically for possible interactions of circRNAs with RNA -- binding proteins (RBPs) and miRNAs.
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